There is a need to extend the application of semi-solid processing (SSP) to higher performance alloys such as 319s (Al-Si-Cu-Mg) and 201 (Al-Cu-Ag). The melting of these two alloys was investigated using differential scanning calorimetry (DSC) and thermodynamic prediction. The alloys had been processed by magneto-hydrodynamic (MHD) stirring before receipt to produce a microstructure suitable for SSP. The DSC results for the as-received MHD material were compared with those for material which has been taken through a complete DSC cycle and then reheated for a second DSC run. The effects of microsegregation were then analyzed. A higher liquid fraction for a particular temperature is found in the second DSC run than the first. Microstructural observations suggest this is because the intermetallics which form during the first cooling cycle tend to co-located. Quaternary and ternary reactions then occur during the second DSC heat and the co-location leads to enhanced peaks. The calculated liquid fraction is lower with 10 K/min DSC heating rate comparing with 3 K/min at a given temperature. The DSC scan rate must therefore be carefully considered if it is to be used to identify temperature parameters or the suitability of alloys for SSP. In addition, the starting material for DSC must represent the starting material for the SSP. With thermodynamic prediction, the equilibrium condition will provide better guidance for the thixoforming of MHD stirred starting material than the Scheil condition. The Scheil mode approximates more closely with a strongly microsegregated state.
I. INTRODUCTION
SEMI-SOLID metal (SSM) processing is a powerful technology (with several variants including thixoforming and rheocasting) for forming alloys in the semi-solid state to near net-shaped products (e.g., Reference 1). For thixoforming (which involves reheating billet material from the solid state into the semisolid state), the liquid fraction for processing is typically between 30 vol pct and 50 vol pct. The process relies on the presence of a microstructure consisting of spheroids (globules) of solid in a liquid matrix when the material is in the semisolid state. With conventionally cast aluminum alloys such as A356 and A357, excellent mechanical properties can be achieved by SSM in comparison with the conventional casting routes. There are more challenges with high strength aluminum alloys (such as the silver-containing 201, or the Al-Si hypoeutectic Cu-containing alloy 319) often due to hot cracking during the final stages of forming. These alloys usually contain copper, a key alloying element which contributes to the strength and age hardening response, but can also increase hot tearing. [2] The excellent castability and good mechanical properties of 319 Al alloy (Al-6Si-3.5Cu-0.1 Mg wt pct) and 201 alloy (Al-5Cu-0.35Mg-0.35Mn-0.7Ag) give them widespread application in the automotive and aerospace industry, respectively. [3, 4] Alloy 319s is a primary version of the low-cost foundry alloy 319 to enhance the suitability for thixoforming. The mechanical properties of semi-solid processed 319s in the T6 state are significantly higher than those for permanent mould cast 319-T6. [3] There is important literature [5, 6] on the solidification reactions for this alloy which will be identified below as part of developing the framework for this paper even though the semi-solid processing (SSP) route involves heating rather than cooling. 319 alloy has two main solidification reactions, the formation of Al dendrites followed by the development of the two-phase Al-Si eutectic. However, the Cu and Mg which are also present, as well as impurities such as Fe and Mn, lead to more complex solidification reactions and at room temperature the microstructure will contain many intermetallic phases. The solidification reactions have been reported by Ba¨ckerud et al. [5] and by Samuel et al. [6] and are shown in Tables I and II, respectively. The two solidification sequences differ between Tables I and II. After the crystallization of Al dendrites, the phases Al 15 (FeMn) 3 Si 2 together with Al 5 FeSi identified by Ba¨ckerud et al. [5] were not reported by Samuel et al., [6] probably because of the higher Mn and Fe contents in the Ba¨ckerud et al. [5] alloy. The Al-Si eutectic reaction temperature of 835 K (562°C) for Samuel et al. [6] is much lower than that of 848 K (575°C) in Ba¨ckerud et al. [5] (Ba¨ckerud et al. [5] identify this as ternary reaction but in practice, given that the binary eutectic to form Si is likely to occur, the reaction is probably a superposition of two closely occurring reactions which were difficult to separate with the experimental methods available). Samuel et al. [6] suggested that this temperature was depressed by the increased Si content of the alloy (compare the alloy compositions in the Table captions ). The precipitation of Al 6 Mg 3 FeSi 6 and Mg 2 Si at 827 K (554°C) was observed by Samuel et al. [6] with relatively high Mg (0.5 wt pct) content. This reaction has also been detected by Martinez et al. [7] with 0.3 wt pct Mg. The four-phase reaction at 798 K (525°C) in Ba¨ckerud et al. relates to the start of Al 2 Cu precipitation. The Al 5 FeSi in that reaction might be inherited from the reactions which have occurred at higher temperature. For both references, Al 5 Mg 8 Cu 2 Si 6 precipitates out at a lower temperature than the start of the Al 2 Cu precipitation.
A key parameter for SSM processing is the slope of the liquid fraction versus temperature curve between 30 pct liquid and 50 pct, which should be low to give a processing window. [8] [9] [10] Below 30 pct liquid there tends not to be enough liquid present to enable the round globules to flow past each other and hence fill the die effectively and above 50 pct the billet is prone to collapse during handling. In addition, Liu et al. [10] identified that the eutectic 'knee' can act as a kinetic 'brake' in heating the billet from solid i.e., there is an arrest at the temperature of the eutectic reaction until the reaction is complete before further melting proceeds. They have identified that it is the coincidence between this eutectic knee and~50 pct liquid which means that A356 alloy (Al 7 pctSi) is eminently suitable for SSP (and hence widely used for this process commercially); if the knee occurred at a higher amount of liquid, the billet would have a much greater tendency to collapse before the liquid which should be present throughout the structure has fully developed. To identify the process parameters in advance of practical tests, the fraction liquid versus temperature curve is often obtained by Differential Scanning Calorimetry (DSC) even though the heating rate in DSC is typically 10 K/min, whereas that in induction heating of the billet in the thixoformer will be perhaps an order of magnitude higher (typically 75 K/min). A number of researchers have carried out DSC tests on 319 alloys in the literature or have discussed the use of DSC in obtaining solid fraction versus temperature in relation to SSP (e.g., . In addition, thermodynamic prediction (e.g., via software packages such as Thermo-Calc) is increasingly used. [10, [19] [20] [21] There is, however, a lack of information evaluating the influence of microsegregation on liquid fraction prediction from DSC. This paper summarizes the influence of microsegregation on the DSC curves and the comparison with those from thermodynamic prediction.
II. EXPERIMENTAL PROCEDURES
Commercial 319s and 201 aluminum alloys were used in this study. Both alloys were produced by SAG in Austria using the MHD stirring process. The chemical compositions of the as-received alloys and the aluminum alloy (AA) standard compositions [22] are given in Table III . Note that these are for alloy 319 with composition Al-5.7Si-3.4Cu-0.62Fe-0.1Mg-0.92Zn-0.14Ti-0.36Mn, wt pct) rather than 319s (see Table III ). Note that these are for alloy 319 (Al-5.95Si-3.56Cu-0.11Fe-0.5Mg-0.145Ti-0.01Ni-0.02Mn, wt pct) rather than 319s (see Table III ).
Differential scanning calorimetry analysis was performed on a NETZSCH 404 DSC in an argon-controlled environment. The high-purity Al 2 O 3 pan was used as reference material. The mass of the specimen used for DSC analysis was around 20 mg, and the sample was cut from the center of the as-received alloys. The standard heating rate in the DSC is 3 K/min. The samples were heated to 993 K (720°C) at 3 K/min, held for 5 min, and then cooled to 303 K (30°C) at the same rate, followed by a second repetition of the same route (called 2nd heating). Argon was fed through the system at a flow rate of 35 ml/min to minimize oxidation of the samples. Three repetitions were carried out for each sample, and a high reproducibility is obtained. The baselines were obtained by empty sample crucible measurements. The evaluation of the liquid phase fraction is carried out by the application of peak partial area integration (e.g., Reference 23), determining the reaction temperature by examining the intersection of the baseline and the extrapolated tangent line of the heat flow peak (e.g., Reference 24) . Experiments were also carried out with the 319s at a higher heating rate of 10 K/min.
For image analysis, the alloy in the as-received state and after cooling in the DSC was compared. All samples were final polished with 0.25 micron colloidal silica media without etching. Scanning Electron Microscopy (SEM Sirion 200) with energy dispersive X-ray analysis (EDX, Oxford INCA 350) was carried out to characterize microstructures.
Comparison between Scheil and equilibrium thermodynamic calculations was carried out using ThermoCalc (Version: TCW5), with database TTAL7 [25] for the 319s alloy. The actual chemical composition of 319s alloy was used (as given in the first line of Table III ). The equilibrium is based on the lever rule, while the Scheil model is applied with five basic assumptions (e.g., Reference 26):
Equilibrium interface No back diffusion in the solid phase Homogenous compositions in liquid phase Equal densities of the solid and liquid phases No undercooling effect Liu et al. [10] have described the origins of error in such calculations.
The liquid fraction is a critical parameter both for fundamental work and for the control of SSM processing. Therefore, comparisons between thermodynamic calculations and DSC results for the 319s alloy are discussed here. It should be pointed out that the Ag element is not available in the Thermo-Calc database, so the thermodynamic prediction result for the 201 alloy could not be calculated.
III. RESULTS AND DISCUSSION

A. DSC Characterization
The results of DSC trace curves and calculated liquid fraction vs. temperature for 319s alloy are shown in Figure 1 . The '2nd heating' means the sample was heated from 303 K (30°C) to the fully liquid state and cooled in the '1st heating' and then, immediately on cooling to 303 K (30°C), reheated through the same cycle. As the sample was completely melted and then the cooling controlled by the DSC at a constant rate (3 K/ min in Figure 1 ), the cooling can be regarded as a slow solidification process. The melting curves show four temperature arrests (peak 4, peak 3, peak 2, peak 1) but there are only three for the cooling curve (labeled peak 1, peak 2, peak 4). Peaks 1, 2, and 4 are correspondent with the following reactions (Table IV) in Bä ckerud et al. [5] There is some uncertainty about Peak 2 which in Table I occurs at 863 K (590°C) but in the DSC cooling trace is occurring at about 829 K (556°C). However, in this paper, the Mn content of alloy 319s is relatively low, The 'actual' values were obtained by inductively coupled plasma atomic emission spectroscopy (ICP-AES) at SAG. so reaction 2a in Table I is unlikely to occur. Peak 2 in Figure 1 is likely to identify with Reaction 3 in Table I . Peak 3 was not reported in previous literature. The parameters calculated from melting and cooling curves in Figure 1 are summarized in Table V . Undercooling occurs during solidification, so the start and finish temperatures for the peaks tend to be lower during cooling than during the heating cycle. It is suggested in the literature [12, 27] that during heating the Al 2 Cu phase may undergo gradual dissolution in the a-Al matrix until the reaction temperature for the Al 2 Cu phase is reached at 783 K (510°C). It is clear that peak 4 increases in height on the 2nd heating curve, comparing with the 1st heating curve, and is shifted slightly to the higher temperatures. This is also the case for Peak 3. For Peak 2, however, the peak for 1st heating is at a slightly higher temperature than that for 2nd heating.
The disappearance of peak 3 can also be seen on the cooling curve in Figure 1 . If peak 3 is the quaternary reaction to form Al 5 Mg 8 Cu 2 Si 6 , this suggests this phase has fully dissolved on heating to the liquid state and then has not precipitated out to a detectable extent on cooling. In the '2nd heating' cycle, it reappears as a just detectable peak.
Considering the calculated liquid fraction versus temperature, the 'knee' (arrows in Figure 1 ) for the heating is associated with~9 pct more liquid fraction and~20 K (À253°C) higher temperature than for the cooling curve. However, inspection of the thixoforming window shows that by the time the temperature has been reached at which~30 pct liquid would be expected to be present, the 1st heating and 2nd heating curves have converged, and the temperature window would be almost identical. The distinction in fraction liquid versus temperature for the two heats is below this regime.
The results in Figure 1 are for a DSC heating rate of 3 K/min. They are compared with a heating rate of 10 K/min in Figure 2 . Figure 2(b) focusses on the beginning of the melting process (i.e., around the position of Peak 4). A higher heating rate for the DSC mimics the real thixoforming processing route more closely (although the DSC cannot achieve the actual heating rate which occurs in the billet), but the heating rate for the DSC should be chosen carefully, including because, in general, a higher heating rate may lead to the peaks overlapping. [28] With a higher heating rate, generally peaks will tend to be moved to the higher temperature. Figure 2 shows that Peak 4 is moved slightly to the higher temperature but also tends to be enhanced with the higher heating rate. In contrast, Peak 3 appears to be slightly shifted to the left and to be hardly enhanced at all, suggesting that there has been some influence on the Peak 3 reaction from the Peak 4 reaction. The calculated liquid fraction in Figure 2 in the region of Peak 4 indicates that an additional 0.4 pct of liquid phase was forming with the higher heating rate. However, Figure 2(a) shows that in general, the higher heating rate gives a lower liquid fraction for a particular temperature. The DSC signal peaks for 10 K/min are higher than those for 3 K/min. This was checked by scrutinising the original data and integrating the heat flow (DSC signal) against time to obtain the enthalpy change over temperature. The enthalpies are similar, and therefore the difference between the traces is due to the inverse proportional relationship between time and heating rate, i.e., for the higher heating rate, there is less time to form liquid. Inspecting the thixoforming widow of~30 pct fraction liquid to~50 pct, if the 3 K/min curve were used to indicate a thixoforming temperature the curve would suggest that~860 K (587°C) was the maximum temperature before the liquid fraction of 50 pct was exceeded but this would be the temperature at which, using the 10 K/min curve, the billet had only just achieved 30 pct liquid. Figure 3 shows the DSC trace curves and calculated liquid fraction vs temperature for 201 alloy, and the temperatures for the reactions are summarized in Table VI . The peaks 1¢, 2¢, and 3¢ are correspondent with the following reactions according to Ba¨ckerud et al. [5] (which, note again, deals with solidification rather than melting), respectively. Peak 3¢ is stronger on 2nd heating than on 1st heating and slightly shifted to the higher temperature, indicating a similar behavior to Peak 4 with 319s alloy. In both cases, a quaternary reaction is involved. With the 2nd heat, about 5pct more Peaks 1, 2, and 3 are the same for both 1st and 2nd heating, but Peak 4 does differ and so both 1st and 2nd heating for Peak 4 are identified in the Table above. liquid is formed in that initial peak (Peak 3¢) than on the 1st heat. On the other hand, for the thixoforming window, the 1st and 2nd heat are just about identical for fraction liquid vs temperature, although on cooling, for a given temperature, solidification is delayed. Table VII shows the start and end temperatures for the various reaction peaks, both on heating and on cooling.
B. Microstructure
Microstructures for 319s alloy in the as-received MHD processed state and after the whole of the DSC test (both '1st heating' and '2nd heating') are shown in Figure 4 . It can be seen that the fine and spheroidal MHD microstructure becomes a microstructure with coarse and large secondary phases after DSC slow cooling. In addition, there is some evidence of shrinkage porosity in the slow cooled microstructure (Figure 4(b) ) and also the Al 2 Cu phases (which appear 'bright' in back scattered SEM images) are not present throughout the field of view. The Al-Si and Al 2 Cu phases are separated in Figure 4(b) .
Microstructures and EDX analysis of an area rich in copper phases in the 319s alloy are shown in Figure 5 . The identity of the intermetallics is indicated by the combination of EDX results, together with thermodynamic calculations (Thermo-Calc) and References 5, 6, and 12. Figures 5(a) and (b) shows the as-received structure, in which the aluminum matrix is globular. The silicon phases and copper phases are finely and evenly distributed in the grain boundaries between the aluminum globules. After the DSC test, i.e., slow solidification, the microstructure is a typical cast microstructure, as shown in Figures 5(c) and (d) . Comparing Figures. 5(a) and (c) , the main copper-based phase is much coarser and more block-like in the sample slow-cooled through the DSC experiment. The intermetallics are also co-located and this then influences the DSC curve on reheating as these co-located phases are giving rise to the quaternary and ternary reactions such as Peak 4 (Reaction 4) in Table IV and consequently the distinction between the DSC result on first heating and that on second heating.
A high-magnification micrograph, Figure 5 The microstructural results are fundamentally supporting a hypothesis that the distinction between the first heating and the second heating is due to the microsegregation which occurs during the solidification from the liquid state after the first heat.
The microstructure of 201 alloy after the DSC test shows the expected coarse copper phases and strong microsegregation ( Figure 6 ). In Figures 6(d) and (e), the intermetallic compounds (likely to be Al 20 Mn 3 Cu 2 and Al 7 FeCu 2 ) grow closely associated with Al 2 Cu phase, which relates to the enhanced peak 3¢ on the 2nd heating curve (Figure 3) in comparison with the 1st heat. The acicular Al 7 FeCu 2 phase in Figures 6(c) and (d) is clearly observed along with the Al 2 Cu phase. The black and round Al 20 Mn 3 Cu 2 phases are surrounded by the secondary copper phases. These two intermetallic phases were identified by comparison with Reference 5 and in phase calculations (Thermo-Calc) with additional evidence from the EDX quantitative analysis in Figures 6(f) and (g) . Two line analyses across the grain boundaries are shown in Figures 6(i) and (j) , respectively. The content of Cu increases in the region of the boundary due to the intermetallic phases associated with it. The average Cu content within the grain in the as-received is lower than for the slowly cooled 201 alloy, consistent with the concentration of the Cu in the phases at the boundary in the latter.
C. Thermodynamic Calculations for 319s Alloy
The predicted phases (assuming the Scheil condition) for 319s alloy using Thermo-Calc are shown in Figure 7 , and the reaction temperatures for each phase are summarized in Table VIII . The reaction temperatures differ slightly from the experimental results partly because the precise composition of the alloy is different. Regarding the minor phases, these phases are only observed in the microstructure after the first DSC cycle (Figures 5(c) and (d) ), and not in the as-received MHD processed sample (Figures 5(a) and (b) ). This suggests that the Scheil model would not be appropriate for thermodynamic prediction of liquid fraction versus temperature for practical thixoforming with starting material which is MHD processed and that rather an equilibrium calculation should be used. Figure 8 compares the liquid fraction-temperature relationships from Thermo-Calc for both Scheil and equilibrium assumptions with the results from DSC. The solidus for the equilibrium prediction is about 17 K higher than for the Scheil due to the effects of the microsegregation leading to incipient melting. With the Scheil prediction, there is an initial 'knee' whilst a ternary or quaternary reaction is occurring with the associated liquid formation. The liquid fraction is then higher for a given temperature than for the equilibrium prediction until a temperature of about 833 K (560°C) where the two prediction curves coincide and are then almost superposed throughout the rest of the melting regime. Comparing then with the liquid fraction from the DSC for 1st heating and 2nd heating, the 1st heating is much more similar in shape to the equilibrium prediction, with only one inflection point [the 'knee' at about 848 K (575°C)]. The 2nd heating matches the Scheil prediction in shape with an initial 'knee' at about 788 K (515°C) and then a further 'knee' at about 848 K (575°C), coinciding with that on the 1st heating curve. The question is then why is the upper 'knee' displaced to a higher temperature for the DSC results in comparison with the predictions by about 10 K. Liu et al. [10] discussed this and attributed it to kinetic factors but a detailed explanation is not clear.
The cooling curve is identical for the 1st heating and the 2nd heating. The upper 'knee' is displaced to a lower temperature in comparison with both the prediction and the 1st and 2nd Heating curves. There is a lower 'knee', which again is displaced to a lower temperature. The distinction between the heating curve and the cooling curve is significant, and in the context of determining the processing window, it is the heating curve which should be used for thixoforming where the manufacturing method involves heating a billet from the solid state. If the DSC results were being used to predict the thixoforming processing temperature window they would indicate~838 K to~848 K (~565°C tõ 575°C). If the thermodynamic predictions were used, the window would be~833 K to~838 K (~560°C tõ 565°C). Although these distinctions in temperature may not seem large, in practice they can be important in ensuring the process is repeatable and controllable so as to obtain a consistent product and to minimize 'trial and error' in establishing process parameters in industrial practice. 
IV. SUMMARY AND CONCLUSIONS
Two high-performance aluminum alloys of interest for commercial thixoforming (319s and 201) have been investigated with DSC and thermodynamic prediction software. The alloys were received in a state where they had been MHD stirred and then solidified. If reheated into the semisolid state, this would give the required microstructure for SSP of solid spheroids in a liquid matrix. In the DSC, the alloys have first been heated from the as-received state to fully liquid, then cooled, then re-heated and re-cooled. Comparing the two DSC curves, there are distinctions, with the second heat showing enhanced peaks, particularly for the initial stages of heating. The peaks have been compared with reactions identified in the literature. Combining the interpretation of the DSC results with microstructural observations supports the hypothesis that in the second heat, the alloys are in a strongly microsegregated state and it is this which is leading to the enhanced peaks for the minor phases which are generally complex intermetallics. The thermodynamic prediction results further reinforce this hypothesis.
The prediction of fraction liquid versus temperature is important for establishing the parameters for SSP. These results highlight that:
(a) If DSC is to be used, the heating rate must be carefully chosen (given that it cannot match the rate of heating in the induction heating route typically used for thixoforming), as the DSC heating rate influences the fraction liquid versus temperature curve quite significantly; (b) With thermodynamic prediction, the equilibrium condition will provide better guidance for the thixoforming of MHD stirred starting material than the Scheil condition. The Scheil mode approximates more closely with a strongly microsegregated state. 
